Fragmented QRS (fQRS) on electrocardiography is potentially valuable in prognosticating acute pulmonary embolism (PE). ECG is one of the first tests performed in the emergency department, quickly interpretable, noninvasive, inexpensive, and available in remote areas. We aimed to review fQRS's role in PE prognostication.
| INTRODUC TI ON
Acute pulmonary embolism (PE) has a high mortality rate (Konstantinides et al., 2014) . Current guidelines recommend riskstratifying patients for the management of acute PE (Konstantinides et al., 2014) . Approaches include clinical variables and scores, biomarkers, and imaging modalities. Increasing evidence is highlighting the value for electrocardiography (ECG) in prognostication. ECG is noninvasive, available in remote areas, quick to interpret, lowcost, and is one of the initial tests performed in the emergency department.
A recent consensus article and meta-analysis by our group identified ECG as a potentially useful tool in PE prognostication (Digby et al., 2015; Qaddoura et al., 2017) . Notably, fragmented QRS (fQRS) has newly been studied and is missing from these reviews. The presence of fQRS indicates an alternation of myocardial activation due to
| RE SULTS

| Article selection and definitions
There was complete agreement between reviewers for study screening. We identified 686 unique records. Twenty-eight studies reported the use of fQRS, but only five (1,165 patients) reported prognostication for acute PE (Figure 1) . The characteristics and quality of included studies are summarized in Table 1 and Table 2, respectively. Cetin et al. (2016) defined fQRS as the presence of various RSR' patterns with or without a Q wave and included an additional R wave (R'), notching of the R wave, notching of the downstroke or upstroke of the S wave, or the presence of one R' in more than two contiguous leads representing anterior (V 1 to V 5 ), inferior (II, III, aVF), or lateral (I, aVL, V 6 ) myocardial segments (Cetin et al., 2016) . They also quantified the number of leads with fQRS (Cetin et al., 2016) . Karaca et al. (2016) defined fQRS as the presence of an additional R wave (R') or notching in the nadir of the S wave, or the presence of >1 R' in 2 contiguous leads within the same territory-anterior (V 1 -V 3 ), inferior (II, III, aVF), or lateral (I, aVL, V 4 -V 6 ) (Karaca et al., 2016) . Kukla et al. (2014) defined fQRS as a R-wave notch or S-wave notch in lead V 1 (Kukla et al., 2014) . Because of the inconsistency in the definitions, we performed sensitivity analyses by removing Kukla et al.'s data whenever it was pooled with other studies. Zhan et al. 2014 reported changes in V 1 QRS morphology for 20 patients at baseline and during hemodynamic collapse (Zhan et al., 2014) . This article was only included in the qualitative evaluation. Zhan et al. 2015 reported abnormal QRS morphology in lead V 1 , but divided it into three separate criteria -notched S wave, right bundle branch block (RBBB), and Qr sign -and thus was only included in the qualitative evaluation .
| Fragmented QRS in PE prognostication
The associations between fQRS and mortality or clinical deterioration are summarized in Figure 2 ) (Cetin et al., 2016; Karaca et al., 2016; Kukla et al., 2014) .
Removing Kukla et al. did not impact the association (Table 3) . Cetin et al. (2016) followed patients for total all-cause mortality for a mean of 24.8 months, with a mean ± standard deviation (SD) of 22.1 ± 15.2 for the fQRS(+) group and 26.3 ± 17.5 for the fQRS(−) group (p = .268) (Cetin et al., 2016) . Karaca et al. (2016) followed patients for the same outcome for 23.4 ± 13.3 months (Karaca et al., 2016) . fQRS was significantly predictive of total mortality (OR [95% CI], 4.42 [2.57-7.60]; p < .001; I 2 <.01%) (Cetin et al., 2016; Karaca et al., 2016) . Adjusted total mortality reported by these studies did not impact the association, but had an I 2 of 54% (Table 3) . Zhan et al., 2015 investigated 30-day mortality, but did not find a significant association for any of their three separate criteria for abnormal QRS morphology in V 1 . (Cetin et al., 2016) . Zhan et al., 2014 showed that abnormal QRS morphology in V 1 was present in 20% of patients at baseline, and the prevalence increased to 95% in those patients during hemodynamic instability (p = .001) (Zhan et al., 2014) . Zhan et al., 2015 investi- gated the association with the need to intensify therapy, including TA B L E 3 Associations between fragmented QRS and adverse outcomes in patients with acute pulmonary embolism F I G U R E 2 Sample forest plot. This graph shows a sample forest plot for the association between fragmented QRS and in-hospital mortality. CI, confidence interval; fQRS, fragmented QRS; OR, odds ratio p = .008) (Cetin et al., 2016) . In Kaplan-Meier survival analysis, Cetin et al. (2016) showed that total all-cause mortality occurred more frequently in the fQRS(+) group (log-rank p = .002) (Cetin et al., 2016) .
A similar result was found by Karaca et al. (2016) (log-rank p = .01) (Karaca et al., 2016) .
| Reporting of right bundle branch block
Given the similarity between fQRS in V 1 and RBBB, we also summarized the findings with respect to RBBB in the studies. In Cetin et al. (2016) et al., 2015) . Karaca et al. (2016) excluded patients with RBBB (Karaca et al., 2016) . Zhan et al. (2014) reported changes in V 1 QRS morphology for 20 patients at baseline and during hemodynamic collapse, including normal morphology, notched S wave, RBBB, and Qr sign (Zhan et al., 2014) . Compared to baseline, they found 35% to have new-onset Qr sign, 25% to have new-onset RBBB, 15% to have new-onset notched S wave, 5% to transition from notched S wave to RBBB, 5% to transition from RBBB to Qr sign, and 5% to transition from notched S wave to Qr sign during hemodynamic collapse (Zhan et al., 2014) . Taken together, their results suggest that a notched S wave in V 1 may be the early presentation of RBBB and that the Qr sign may be a more severe sign than RBBB.
| D ISCUSS I ON
The systematic review and meta-analysis identified five studies
(1,165 patients) and found that fQRS on ECG is predictive of mortality and clinical deterioration in patients with acute PE. Sensitivity analyses that removed Kukla et al. (2014) from the pooled data did not have an impact on the associations (Kukla et al., 2014) . Recent evidence has outlined the role of ECG in prognosticating PE (Digby et al., 2015; Qaddoura et al., 2017) . ECG is noninvasive, available in remote areas, quick to interpret, and low cost. It may be used to select higher risk patients requiring more intensive care, even if they are deemed low-risk by other criteria.
Fragmentation in QRS morphology arises because of conduction delays and alternation in myocardial activation due to myocardial ischemia, scarring, and fibrosis (Das et al., 2008; Gardner et al., 1985; Jain et al., 2014; Varriale & Chryssos, 1992) . Mounting recent evidence has demonstrated its role as a prognostic marker in coronary artery disease, Brugada syndrome, and various cardiomyopathies (Canpolat et al., 2013; Das & Zipes, 2009; Das et al., 2007 Das et al., , 2008 Das et al., , 2010 Kocaman et al., 2012; Morita et al., 2008; Park et al., 2013; Pietrasik & Zaręba, 2012; Pietrasik et al., 2007) . The studies included in this review demonstrated the prognostic potential of fQRS in PE, but also showed an association with right ventricular (RV) dysfunction and elevated cardiac troponin (Cetin et al., 2016; Karaca et al., 2016) . Examples of fQRS in the context of PE are shown in Figure 3 . Possible mechanisms for fQRS in PE include an acutely elevated RV pressure that impairs RV myocardial activation and delays conduction. This can also decrease the preload of the left ventricle, and along with a catecholamine surge, lead to RV ischemia F I G U R E 3 Examples of fragmented QRS in the context of pulmonary embolism. Modified with permission from Digby et al. 2015, Ann Noninvasive Electrocardiol, 20(3):207-223 . Black arrows point out areas of fragmentation or infarction. These derangements in RV function may explain the
